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γ –γ coincidence experiments
Most theoretical approaches used in nuclear astrophysics to model the nucleosynthesis of heavy elements 
incorporate the so-called statistical model in order to describe the excitation and decay properties of 
atomic nuclei. One of the basic assumptions of this model is the validity of the Brink–Axel hypothesis 
and the related concept of so-called photon strength functions to describe γ -ray transition probabilities. 
We present a novel experimental approach that allows for the ﬁrst time to experimentally determine the 
photon strength function simultaneously in two independent ways by a unique combination of quasi-
monochromatic photon beams and a newly implemented γ –γ coincidence setup. This technique does not 
assume a priori the validity of the Brink–Axel hypothesis and sets a benchmark in terms of the detection 
sensitivity for measuring decay properties of photo-excited states below the neutron separation energy. 
The data for the spherical off-shell nucleus 128Te were obtained for γ -ray beam-energy settings between 
3 MeV and 9 MeV in steps of 130 keV for the lower beam energies and in steps of up to 280 keV 
for the highest beam settings. We present a quantitative analysis on the consistency of the derived 
photon strength function with the Brink–Axel hypothesis. The data clearly demonstrate a discrepancy 
of up to a factor of two between the photon strength functions extracted from the photoabsorption and 
photon emission process, respectively. In addition, we observe that the photon strength functions are 
not independent of the excitation energy, as usually assumed. Thus, we conclude, that the Brink–Axel 
hypothesis is not strictly fulﬁlled in the excitation-energy region below the neutron separation threshold 
(Sn = 8.78 MeV) for the studied case of 128Te.
© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.1. Introduction
Currently, the modeling of a signiﬁcant part of the synthesis of 
the elements in the universe is built on basic assumptions in the 
description of nuclear properties, such as the so-called Brink–Axel 
(BA) hypothesis [1,2]. Electromagnetic decay processes, in particu-
lar so-called γ radiation, are important ingredients for astrophys-
ical models. The BA hypothesis assumes that the average electro-
magnetic decay rate merely depends on the transition energy of 
the emitted γ radiation, but it does not depend on either the ab-
* Corresponding author.
E-mail address: jisaak@ikp.tu-darmstadt.de (J. Isaak).https://doi.org/10.1016/j.physletb.2018.11.038
0370-2693/© 2018 The Authors. Published by Elsevier B.V. This is an open access article
SCOAP3.solute excitation energy of the nucleus or the speciﬁc properties 
of the nuclear states involved. This hypothesis is used as the basis 
of the treatment of γ -ray transition probabilities in the concept 
of photon strength functions (PSF). It is widely applied in calcu-
lations of stellar reaction rates and the modeling of nucleosyn-
thesis of the majority of the chemical elements heavier than iron 
(e.g., Refs. [3–5] and references therein). In addition, it is used in 
combination with the statistical model (SM), that was formulated 
and introduced by Hauser and Feshbach [6] and has impacts on 
other applications that make use of reaction-model codes like EM-
PIRE [7] and TALYS [8] (which incorporate the statistical model) 
such as the design of the next-generation nuclear power plants [9]
and the transmutation of nuclear waste [10,11]. under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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energies the nuclear level densities (NLD) of atomic nuclei is rea-
sonably high to allow for a suﬃciently precise averaged treatment 
of the excitation spectrum and the nuclear decay properties. The 
PSF describes the average probability to emit or absorb γ radiation 
with a given γ -ray energy (Eγ ). Therefore, it is also directly con-
nected to the photoabsorption cross section σγ . For heavy spheri-
cal nuclei (such as 128Te, which we consider here) the by far most 
dominant component in the photoabsorption cross section σγ is 
the electric dipole (E1) radiation, which at high excitation energies 
is described by the well-known isovector Giant Dipole Resonance 
(IVGDR) [12]. At intermediate energies, on the low-energy tail of 
the IVGDR an additional structure, the Pygmy Dipole Resonance 
(PDR), has been reported in the E1 response of the ground state of 
numerous nuclei [13]. While in some reactions a similar structure 
was observed in the E1 part of the PSF derived from decay prop-
erties, there are experimental indications [14–16], that the speciﬁc 
structure of the PDR is breaking the concept of a single PSF for all 
excitation energies and ﬁnal states.
The SM and the BA hypothesis are well established in the en-
ergy regime of the giant resonances with excitation energies in 
the 10 to 20 MeV energy range (see Refs. [12,17] and references 
therein). In contrast, its reliability at lower excitation energies, 
especially in the region of the particle separation thresholds, is 
still a matter of ongoing theoretical (e.g., Refs. [18–22] and ref-
erences therein) and experimental research (e.g., Refs. [16,23–33]
and references therein), respectively. There have been many tri-
als to study and test the assumptions of the BA hypothesis. 
Experimental studies were performed, amongst others, through 
photon-scattering measurements (e.g., [15,30,34–36]), the analy-
sis of γ -ray spectra following particle-induced reactions (see, e.g., 
Refs. [28,29,31,33,37–39]), as well as from two-step γ cascades in 
compound nuclei (e.g., [27,40,41]).
Recently, the comparison of experimental studies using inelastic 
proton scattering at very forward angles to data from photon-
scattering experiments and (3He, 3He’γ ) measurements support 
the assumptions of the BA hypothesis in the case of the nucleus 
96Mo [33]. However, the statistical precision of the data in Ref. [33]
does not allow to draw ﬁnal conclusions and that statement re-
mains qualitative.
In this manuscript we present a new experimental technique 
that allows for the ﬁrst time to derive the PSF from excitations 
of the ground state to excited states as well as from the subse-
quent decay of these excited states in a single experiment in two 
model-independent ways. This allows to test the consequence of 
the BA hypothesis that the photoabsorption and the photon emis-
sion process can be treated equivalently and, thus, the PSFs for 
both processes are the same. We present a quantitative analysis 
on the consistency of the derived PSF, which is only possible due 
to the high accuracy of our experimental data. Our experimental 
technique exploits the combination of nuclear resonance ﬂuores-
cence (NRF) experiments [42] using quasi-monochromatic photon 
beams and a high-eﬃciency γ -ray detection setup, which allows to 
perform γ –γ coincidence spectroscopy. This unique combination 
allows for the experimental extraction of the PSF in two indepen-
dent ways as outlined below.
2. Experimental approach
The ﬁrst approach to extract the PSF from the present experi-
mental data utilizes the connection to the photoabsorption cross 
section σγ as mentioned before. In order to measure the full 
photoabsorption cross section the monochromatic character of the 
photon beam plays an important role. Subsequent to the photoab-
sorption process, it allows to determine in a model-independent way the so-called “elastic” part, that represents the fraction de-
caying directly back to the ground state. Due to the vanishing 
contribution from non-resonant γ -ray background at the excita-
tion energy, the complete ground-state transition intensity includ-
ing the unresolved strength (sometimes considered as background 
in a state-to-state analysis) hidden below resolved transitions is 
extracted by a detector response deconvolution procedure [43,44]. 
The “inelastic” part is composed of all deexcitations that decay via 
intermediate excited levels. The selectivity of the NRF reaction for 
populating J = 1 states in an even–even nucleus like 128Te and the 
subsequent dominant decay via dipole and quadrupole transitions 
leads to the assumption, that most of the cascading events will de-
cay via the ﬁrst few excited states [45]. Hence, these excited states 
serve as a kind of funnel collecting most of the “inelastic” tran-
sitions. Therefore, their observed total transition intensities serve 
as an estimation of the “inelastic” contribution [15,36,45–47]. The 
sum of the “elastic” and “inelastic” parts results in the full pho-
toabsorption cross section at a given excitation energy region that 
is deﬁned by the width of the incoming quasi-monochromatic pho-
ton beam. In the following, the PSF extracted from σγ is denoted 
as f σ (Eγ ).
The second approach is making use of the fact that the PSF 
is linked to the average decay intensity of the excited states in 
a given excitation energy interval to lower-lying excited levels of 
the nucleus. This approach has been used before to determine 
the shape of the PSF in a particle-induced reaction [29]. How-
ever, only the NRF reaction as used in the present study allows 
for a clear identiﬁcation of the radiation character of the transi-
tions, and the spin of the excited states via the polarization of the 
photon beam [44], while simultaneously providing f σ (Eγ ) from 
the photoabsorption cross section. In the following, the quantity 
σik denotes the cross section to excite the nucleus into the energy 
region Ei and the subsequent decay to the ﬁnal excited state k at 
energy Ek . Then the ratio of the PSF at two decay γ -ray transi-
tion energies Ei − Ek and Ei − E j is proportional to the ratio of 




= f (Ei − Ek)
f (Ei − E j) ·
(Ei − E j)3
(Ei − Ek)3 (k, j) = 0, (1)
where the condition (k, j) = 0 (excluding the decay channel back 
to the ground state) is required to adapt the method of extracting 
the PSF from relative decay intensities outlined in Ref. [29] to the 
NRF reaction. It is assumed in Eq. (1) that dipole transitions are 
the dominant component of the integrated decay intensities for 
a given excitation energy. Therefore, the measurement of primary 
transitions to different excited states for a given excitation energy 
region (deﬁned by the γ -ray beam energy) allows to extract ra-
tios of the PSF for different γ -ray energy combinations. The high 
detection sensitivity of γ –γ coincidence spectroscopy is crucial to 
observe these direct transitions to excited levels and to determine 
σik even for very weak decay branches, which was realized for NRF 
measurements by the γ 3 setup [47,48]. Scanning the nucleus in 
closely-meshed intervals by using different beam energies provides 
multiple ratios of the PSF over a large range of γ -ray energies. If 
the BA hypothesis holds and a single PSF, independent of the ﬁ-
nal state and the excitation energy, can be used to describe the 
γ -decay properties of the nucleus, all these data sets will be con-
sistent with each other for PSF values at the same γ -ray energies 
and, consequently, the overall shape of the PSF can be extracted. 
Therefore, this method allows not only to extract the PSF, but also 
to test, if the BA hypothesis is valid in the present case. In the fol-
lowing, the PSF extracted from the observed primary transitions 
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p
sim(Eγ ) (superscript p ≡ primary) for 
the analysis of the experimental and simulated data, respectively. 
Note that by construction, the PSF is determined only to an overall 
scaling factor, since it is derived via ratios of the PSF.
3. Experimental details
In this letter, data from ( γ , γ ′γ ′′) measurements on 128Te are 
presented. The experiments were performed at the High Intensity 
γ -ray Source (HIγ S) [49] at Triangle Universities Nuclear Labora-
tory, Durham, NC, USA. Fully linearly polarized γ -ray beams are 
generated by laser Compton backscattering (LCB) of intracavity 
free-electron-laser photons off relativistic electrons. The typical full 
width at half maximum (FWHM) of the LCB beams spectral distri-
bution is about E/E ∼ 3–4% with intensities of about 107γ /s on 
target. This allows the study of photoexcited nuclear levels in a 
well-deﬁned excitation-energy range deﬁned by the beam energy 
and width, respectively.
The γ -ray spectroscopy was performed with the γ –γ coinci-
dence setup γ 3 [48]. The γ 3 setup consists of High Purity Ger-
manium (HPGe) detectors and cerium-doped Lanthanum Bromide 
(LaBr3:Ce) scintillators positioned in a close geometry around the 
target position. For a detailed description of the experimental 
setup and technical features, see Ref. [48]. The combination of LCB 
γ -ray beams with the γ –γ coincidence method allows to inves-
tigate in detail decay channels other than to the ground state in 
real-photon scattering experiments, which is the key feature in the 
present analysis.
The target consisted of 2913 mg isotopically-enriched (99.8%) 
128Te in metallic form. In total, 30 different LCB γ -ray beam set-
tings between 3 MeV and 9 MeV mean energy were used to scan 
the excitation spectrum in 130 keV steps for the lower energies 
and steps of up to 280 keV for the highest beam-energy set-
tings. The low-energy threshold in the measurements was set to 
∼ 600 keV to allow γ –γ coincidence spectroscopy starting from 
the ﬁrst excited 2+ state at 743 keV while cutting off as much as 
possible of the low-energy background γ -rays. The focus in the fol-
lowing section is set on the analysis of the γ –γ coincidence data 
using the LaBr3:Ce scintillators.
As a typical example, Fig. 1 shows summed coincidence spectra 
obtained with the LaBr3:Ce detectors for a beam energy of Ebeam =
8 MeV. The dashed lines illustrate the beam proﬁle shifted by the 
excitation energy of the populated low-lying excited states indicat-
ing the region of interest for the extraction of the averaged pop-
ulation intensities. The spectrum in Fig. 1.a) is obtained by gating 
on the energy of the 2+1 → 0+1 transition (Eγ = 743 keV), subtract-
ing contributions from random coincidences and correcting for the 
detector response. The uncertainties of the detector response cor-
rection is given by the shaded bands. A detailed description on the 
various analysis steps can be found in Refs. [43,44,47]. The result-
ing spectrum contains full-energy events, only. The well-separated 
peak at the high-energy end of the spectrum can be assigned to 
the direct population of the 2+1 state at E2+1 = 743 keV from ex-
cited levels at Ebeam = 8 MeV corresponding to Eγ = 7.26 MeV. 
Events below 7 MeV are attributed to transitions to other excited 
states, which decay via the 2+1 state and, thus, are measured in co-
incidence to the 2+1 → 0+1 transition as well. However, it is diﬃcult 
to separate those individual transitions due to the spectral width 
of the photon beam of FWHM roughly 300 keV.
In some cases it is not possible to apply isolated gates on in-
dividual transitions, such as the 2+3 → 2+1 transition, as the γ -rays 
stemming from the 0+2 → 2+1 transition are too close in energy 
(E2+3 →2+1 = 1225 keV, E0+2 →2+1 = 1235 keV) to be resolved with the 
LaBr3:Ce detectors. However, if the ansatz of the SM is valid, the Fig. 1. Typical experimental γ –γ coincidence spectra for 128Te using a photon-
beam energy of Ebeam = 8 MeV. Gating on different transitions in 128Te, such as
a) 2+1 → 0+1 , b) 2+3 /0+2 → 2+1 and c) 2+4 /1(+) → 2+1 results in the γ -ray spectra 
displayed. The uncertainties of the detector response deconvolution procedure are 
shown as colored uncertainty bands. The dashed lines indicate the incoming beam 
proﬁle shifted by the corresponding excitation energy of the populated low-lying 
levels. For details see text.
direct population of low-lying levels is independent of the associ-
ated angular-momentum quantum number and a function of Eγ
and of the γ -ray multipolarity, only.
Two additional examples are given in Figs. 1.b) and c) for the 





(+) levels, respectively. 
Again, the high-energy peaks observed in the spectra correspond 





(+) level, respectively. 
This procedure is applied for primary transitions populating levels 
up to the 2+8 state in 128Te for excitation energies above 6.4 MeV.
The spectra displayed in Fig. 1 strongly highlight the sen-
sitivity obtained using the γ 3 setup at HIγ S by combining 
γ –γ coincidence measurements with quasi-monochromatic pho-
ton beams [47,48]. This provides a new benchmark for the sen-
sitivity of observing weak transitions to low-lying excited states 
compared to the capability of standard NRF experiments. In addi-
tion, the polarized character of the photon beam allows to assign 
a dominant E1 character for primary γ -ray transitions to the 2+1
state conducting a multipole decomposition analysis [44], while 
the statistics are not suﬃcient to unambiguously assign the tran-
sition character to other low-lying 2+ levels. However, in the 
presented work the different dipole components of the PSF are 
not particularly distinguished. Instead, the sum of both dipole con-
tributions (E1 and M1) is determined.
4. Results and discussion
The analysis presented in the previous section was performed 
for all photon-beam settings. For each beam energy relative in-
tensities σik/σi j (see Eq. 1) for the direct population of low-lying 
levels were determined. These ratios are used to extract values of 
f pexp(Eγ ) relative to the PSF value f
p
exp(Eγ0) at a chosen reference 
energy Eγ0 . The results of all measurements are summarized in 
Fig. 2.a) as black dots after scaling the individual data sets ob-
tained at different beam energies in order to minimize ﬂuctuations 
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primary transitions (black dots) from different excitation energies to different ﬁnal 
states. The red shaded area corresponds to the external uncertainty of the Gaussian-
weighted moving average of the data points. Inset of a) Single data sets from four 
different beam energies. b) Comparison of the two independently derived photon 
strength functions f p(Eγ ) (from Fig. 2.a) and f σ (Eγ ) (from photoabsorption cross 
section data). c) χ2 analysis comparing both derived PSFs. For a detailed discussion 
see text.
of the combined data set. The inset of Fig. 2.a) exemplarily il-
lustrates overlapping data points below Eγ = 5.4 MeV extracted 
from four different measurements with beam energies ranging 
from 6.19 MeV to 6.9 MeV. It is evident that the experimental 
data sets for different beam energies are not consistent with each 
other, i.e., they do not provide a unique shape for the derived PSF. 
The deviations between data sets with overlapping data points for 
f pexp(Eγ ) are as large as a factor of 2–3 and, thus, larger than can 
be explained by Porter–Thomas (PT) ﬂuctuations [50] as discussed 
below. Therefore, it has to be concluded that for the given case 
of 128Te the decay properties of the photo-excited states cannot 
be described by a single excitation-energy independent PSF, which 
contradicts the applicability of the BA hypothesis to the excitation 
energy range studied here.
The role of PT ﬂuctuations is studied with a modiﬁed version 
of the Monte-Carlo-method based DICEBOX code [51] which sim-
ulates γ -ray cascades in NRF reactions. Based on the main input 
quantities such as the NLD and PSFs, random level schemes of an 
artiﬁcial nucleus are created taking PT ﬂuctuations for the indi-
vidual transition widths of each nuclear level into account. Then, 
several so-called nuclear realizations (in the present case 30) are 
generated. Each of these realizations has a different nuclear level 
schemes that, however, follows the same statistical properties de-
ﬁned by the NLD and PSFs. In the present case, the Back-Shifted 
Fermi Gas model is used for the NLD with the parameters a =
13.04 MeV−1 and E1 = 0.68 MeV [52]. The PSF for the E1 con-
tribution is determined from the measured photoabsorption cross 
section, while the parametrizations for the M1 and E2 contribu-
tions are taken from Ref. [53].Fig. 3. Comparison of f p extracted from DICEBOX simulations (a) to the experi-
mental results (b). A χ2 analysis is performed for each individual primary transition 
(red triangle) versus the moving average (blue dots) computed from all primary 
transitions for the simulation (c) and the experiment (d). The total error is deﬁned 
as 2 = ( f p)2 + (P T )2 taking the statistical uncertainties ( f p ) and PT ﬂuctua-
tions (P T ) into account.
The γ -ray cascades for each realization generated with DICE-
BOX are analyzed in the same way as the experimental data to 
extract f psim(Eγ ). Fig. 3.a) displays f
p
sim(Eγ ) values (red triangles) 
from one realization together with a moving average 〈 f p〉sim of 
the data points (blue dots) weighted by a Gaussian distribution 
of FWHM = 300 keV, which corresponds roughly to the spectral 
width of the photon beams produced at HIγ S. Investigating the 
variation of the f psim(Eγ ) values for all 30 realizations the effect of 
the PT ﬂuctuations can be quantiﬁed by determining the standard 
deviation P T for each energy bin. In general for both, simula-
tion and experiment, the deviations between individual f psim/exp
and 〈 f p〉sim/exp can be expressed by
χ2i =
( f psim/exp, i − 〈 f p〉sim/exp)2
2i
, (2)
with 2i = ( f psim/exp, i)2 + (P T )2 (see Fig. 3.c). Here,  f psim/exp, i
is the statistical uncertainty of each data point. Since 105 cascades 
were simulated with DICEBOX the statistical uncertainties  f psim, i
are negligible in comparison to P T . Except for a few cases the 
deviations are small and result in an overall
χ2red =
1
N − 1 ·
∑
i
χ2i = 0.97 (3)
As expected for the simulations the ﬂuctuations of the f psim
values in Fig. 3.a) are in excellent statistical agreement with the 
computed moving average 〈 f p〉sim and originate from PT ﬂuctua-
tions.
Figs. 3.b) and d) show the corresponding results for the ex-
perimental data. In contrast to the DICEBOX simulations large 
ﬂuctuations of the individual f pexp values in comparison to its mov-
ing average 〈 f p〉exp are observed in Fig. 3.b). These deviations are 
quantiﬁed in Fig. 3.d). The ﬂuctuations of the experimental f pexp
results are much more pronounced than observed in the simu-
lation (see Fig. 3.c) despite taking statistical uncertainties  f pexp
as well as the simulated PT ﬂuctuations P T into account. More-
over, the overall χ2red = 2.82 indicates that the deviations cannot 
be explained by the statistical uncertainties and the expected PT 
ﬂuctuations alone. The PT ﬂuctuations would have to be a factor of 
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χ2red ≈ 1.
In fact, the observed deviations may, in principle, be attributed 
to decay widths distributions that do not follow the PT distribu-
tion, but any other distribution. The validity of PT-distributed par-
tial decay widths has been debated for many decades without any 
conclusive outcome so far (see, e.g., [54,55] and [56] for a recent 
review). Older studies show a good agreement of partial transition 
widths of neutron resonances with the PT distribution [50,57,58], 
while recent experimental data [59–63] and theoretical consider-
ations discuss possibilities of non-statistical effects and modiﬁca-
tions of the PT distribution [64,65]. The present data on 128Te may 
indicate such deviations from PT ﬂuctuations of partial γ -decay 
widths, however, the current experimental method is not sensitive 
to draw any conclusion on this issue.
Keeping the discussed deviations in mind, nevertheless the 
smoothed shape of the moving average of the experimental data 
〈 f p〉exp is compared to f σ (Eγ ) in Fig. 2.b). As a reminder, the 
method using the primary γ -ray transitions does only yield the 
Eγ dependence of f
p
exp(Eγ ) and, therefore, can be scaled freely 
(indicated by the black double-sided arrow) to the results for 
f σ (Eγ ). In the present case, the scaling factor is chosen to mini-
mize the deviations between 〈 f p〉exp and f σ (Eγ ), where the indi-
vidual
χ2i =
( f σi − 〈 f pexp, i〉)2
2i
(4)
with 2i = ( f σi )2 + ( f pexp, i)2) are shown in Fig. 2.c). It is ob-
vious, that the two shapes for both PSFs cannot be brought into 
a good agreement indicated by the overall minimized χ2red = 16.8
[59–65].
5. Conclusion
In conclusion, the present results show that the decay proper-
ties of photo-excited states below the particle threshold in 128Te 
(Sn = 8.78 MeV) cannot be described quantitatively within the 
ansatz of the statistical model. The results indicate that the BA 
hypothesis is not fulﬁlled for excitation energies between 4 MeV 
and 8 MeV in the case of 128Te. A unique photon strength func-
tion consistent with the uncertainties of the measurement cannot 
be extracted. Deviations of a factor of two remain. For further con-
clusions to be drawn it is crucial to expand these experiments to 
other nuclei and conduct systematic studies on the equivalence 
of the PSF build on the ground state and excited states, respec-
tively. The novel experimental approach presented in this work has 
proven to be suited for such studies.
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